A protein toxin apparently composed of one polypeptide with an estimated M , of 155000 was purified from sonicated cells of a type D strain of Pastewella multocida (LFB3) by preparative polyacrylamide gel electrophoresis (PAGE) and DEAE-Sephadex A50 chromatography. Its specific activity was 150-fold greater than that of the crude extract. The partially purified protein was cytotoxic for embryonic bovine lung cells, lethal for mice and caused turbinate atrophy in gnotobiotic pigs; a single intraperitoneal injection of approximately 360 ng kg-l caused 50% turbinate atrophy. Reversal of the two-step purification procedure using DEAESephacel chromatography followed by preparative PAGE increased the yield of toxin 30-fold ; the specific activity of the partially purified toxin was 1970-fold greater than that of the crude extract.
I N T R O D U C T I O N
The clinical signs of atrophic rhinitis of pigs include atrophy of the nasal turbinate bones and distortion or shortening of the snout (Switzer & Farrington, 1975) . The disease was associated with infection by Pasteurella multocidu (Gwatkin et al., 1953) and the significance of this organism in the aetiology of atrophic rhinitis was clarified by the discovery of toxigenic strains (Il'ina & Zasukhin, 1975; de Jong et al., 1980) . These strains caused severe progressive and irreversible turbinate lesions (Pedersen & Barfod, 1981 ; Rutter & Rojas, 1982; Rutter, 1983) and their ability to colonize the nasal cavity was dependent on predisposing factors including preinfection with Bordetella bronchiseptica (Pedersen & Barfod, 1981 ; Rutter & Rojas, 1982) or pretreatment of the nasal cavity with dilute acetic acid (Pedersen & Elling, 1984) . Inoculation of bacteria-free extracts of toxigenic isolates of P. multocida by the intranasal or parenteral route produced turbinate atrophy in pigs (Il'ina & Zasukhin, 1975; .
Toxigenic isolates were differentiated from non-toxigenic ones because crude toxin in bacteria-free extracts caused a skin lesion in guinea pigs, was lethal for mice (de Jong et a/., 1980) and was cytotoxic for embryonic bovine lung cells (Rutter & Luther, 1984) . The toxin was inactivated by heat, proteolytic enzymes and aldehydes, which indicated that it was a protein (Rutter, 1983; Van der Heijden et al., 1983 ). An early attempt to purify the toxin revealed the presence of toxic activity at concentrations at which polypeptides could not be detected by staining of polyacrylamide gels with Coomassie brilliant blue (Van der Heijden et ul., 1983).
However, the toxin reacted in ion-exchange chromatography and entered 10 % polyacrylamide in potentially selective ways. This report describes a purification method based on these observations. A sensitive silver stain was used to detect a polypeptide with an M , of 155000 that caused turbinate atrophy in pigs. During the course of this work Nakai et al. (1984) reported the purification of a polypeptide toxin with an M , of 160000 from P. multocida that was lethal for mice and caused skin lesions in guinea pigs.
METHODS
Crude toxin. Crude, lyophilized toxin was prepared from P. multocida strain LFB3 (Rutter, 1983) . Unless otherwise mentioned preservatives were not added to crude toxin. In later purification attempts crude toxin was made up to 0.01 % (w/v) sodium azide, 1 mM-benzamidine (Sigma) and 0.1 mM-phenylmethylsulphonyl fluoride 0001-3062 0 1986 SGM
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(PMSF; Sigma). Deoxyribonuclease (EC 3.1.4.5; Sigma) and ribonuclease-11 IA (Sigma) were also added in the proportion of 1 mg to each 100 ml of crude toxin and the mixture was incubated at 37 "C for I h.
Radioiodination of'proteins. Crude toxin was labelled with l Z S I by the chloramine T method (Hunter, 1978) . Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Vertical slab gels, 1.0 mm thick, were run with a discontinuous buffer system (Laemmli, 1970) and a 10% (w/v) polyacrylamide running gel.
Polypeptides were located after silver staining (Dr P. Britton, personal communication) and M, values were calculated by reference to the mobility of phosphorylase b, B-galactosidase and myosin relative to that of bromothymol blue. Gels were stained by sequential immersion in (I) 20% (v/v) methanol and 10% (v/v) acetic acid for 18 h ; (2) 20% (v/v) ethanol and 5 % (v/v) acetic acid for 15 min; (3) a mixture of 28 mwpotassium dichromate and 0.83% (v/v) nitric acid for 15 min; (4) 6 mM-silver nitrate for 15 min; (5) three 20 s washes in distilled water; and (6) a mixture of 240 mM-sodium bicarbonate and 6 6 % (v/v) formaldehyde for up to 30 min. The staining reaction was quenched with 5 % (v/v) acetic acid and stained gels were stored in 20% (v/v) ethanol for up to 2 d. Bovine serum albumin (1 ng per lane) was used as a standard and was detected by the silver staining method. Occasionally gels were stained with Coomassie brilliant blue for comparison.
Preparative PAGE I . Slab gels were run in the same way as SDS-PAGE but SDS and 2-mercaptoethanol were omitted. Gels, 1 mm thick, were used with a centre lane which contained ~2SI-labelled crude toxin and laneseither side which contained unlabelled crude toxin (250 pg per lane). Autoradiographs of gels were prepared by incubation at 4 "C for 18 h. A template made from the autoradiograph was used to excise bands of gel from adjacent lanes that contained unlabelled crude toxin. Protein was eluted from excised bands into 0.5 ml PAGE reservoir buffer in dialysis tubing by electrophoresis in 3 I reservoir buffer in a flat bed apparatus at 50 V for 18 h. The polarity was reversed at 100 V for 20 min and the supernatant fractions were retained.
Preparative PAGE 2. Slab gels, 3 mm thick, prepared as described above, were constructed so that proteins could be fractionated every I5 min in 6 ml reservoir buffer. A 6 mm fractionation space was formed by overlaying a 10%
(w/v) polyacrylamide plug gel with 3 ml of 50% (w/v) sucrose, which in turn was overlaid with 18 to 20 mm of running gel (lo%, w/v, polyacrylamide). The sucrose solution was replaced with PAGE reservoir buffer through a port in each vertical former. Replacement and collection of this buffer through the ports during electrophoresis resulted in fraction proteins through the 18 to 20 mm of running gel. Crude toxin (50or 75 mg) was electrophoresed for 3.5 or 4 h before fractionation began. Electrophoresis was continued for a further 4 to 6 h. Subsequently 3 mm thick gels were fractionated, where mentioned, as in preparative PAGE 1. The gel was cut into 0.5 cm strips, which were electroeluted in 5 ml reservoir buffer. DEAE-Sephadex A50 Chromatography. Crude toxin in 10 ml PAGE reservoir buffer and partially purified by preparative PAGE 1 or 2 was fractionated on a DEAE-Sephadex A50 (Pharmacia) column (1.6 x 4-5cm) equilibrated in 50 mM-Tris/HCI, pH 6.0, and 0.01 % (w/v) sodium azide. The column was eluted at a flow rate of 9 ml h-I with a linear gradient of 150 ml from 0 to 900 mwsodium chloride in 50 m-Tris/HCl, pH 6-0; 2 ml fractions were taken. Detection of protein in fractions was attempted by absorption of UV light at 254 nm. Pooled fractions in dialysis tubing were concentrated with dry Sephadex G200 (Pharmacia). In subsequent anionexchange chromatography, DEAE-Sephacel (Pharmacia) was used instead of DEAE-Sephadex. Column conditions were as previously described with the exception that DEAE-Sephacel was equilibrated with 200 nmNaCI, 1 mM-benzamidine, 0.1 mM-PMSF and 0.01 % @/v) sodium azide.
Sephacryl S200 chromatography. The sample and Sephacryl S200 column (1.6 x 50 cm) were equilibrated in 500 mM-NaCl, I mM-benzamidine, 0.1 mM-PMSF and 50 mM-Tris/HCI, pH 6.9. The column was run at 64 ml h-I and 2 ml fractions were collected.
Phenyl-Sepharose chromatography. The sample and phenyl-Sepharose column (0.5 x 3 cm) were equilibrated and run in phosphate-buffered (50 mM, pH 6.8) 250 mM-ammonium sulphate. Fractions were eluted with a phosphate-buffered linear gradient of 250 mM-ammonium sulphate, 0% Lubrol (ICI) to 0 nm-ammonium sulphate, 0.5% (w/v) Lubrol.
Protein estimations. The microprocedure for the Bio-Rad dye binding assay was used for toxin fractionated by DEAE-Sephadex. In later purification attempts, yields were improved by using preparative PAGE as the last step. In these cases samples were dialysed against 50 mM-Tris/HCI, pH 6.0, before assay for protein.
Carbohydrate estimations. Carbohydrate concentrations were measured colorimetrically by the indole method of Ashwell (1957) , using sucrose as a standard.
Trypsin treatment oftoxin. Toxin (80 pl; los cytotoxic units per 20 pl) was added to 20 PI of 1 mg trypsin ml-I (EC 3.4.21.4; Sigma type 111) and 20p1 330 mM-CaClz.
Toxicity tests. Cytotoxicity was measured in embryonic bovine lung cell cultures (Rutter & Luther, 1984) ; twoor tenfold dilutions of toxin were used. Titres were expressed as units of cytotoxicity which represented the inverse of the last dilution which produced a cytopathic effect. The lethal activity of the toxin was assayed by intraperitoneal injection of BALB/C mice with 0.1 ml fractionated toxin; two or three mice were used for each fraction (Rutter, 1983) . The ability of fractions to cause turbinate atrophy was measured by intraperitoneal injection of gnotobiotic piglets aged one week and weighing 2.8-3.2 kg . Piglets were killed and their turbinate bones were examined and removed 14 d after injection. Six piglets were used to assay preparative PAGE fractions and four to assay DEAE-Sephadex fractions. All fractions were filtered through 0.22 pm polyvinylidene fluoride membranes (Millipore) before injection. Turbinate atrophy was calculated as the percentage reduction in weight of the turbinate bones compared with the turbinates of piglets injected with noncytotoxic fractions and which showed no signs of turbinate atrophy.
RESULTS

Preparative PAGE I
Autoradiographs of crude toxin labelled with lZsI and separated by preparative PAGE 1 revealed nine bands of protein designated 1 to 9. Band 1 had migrated the furthest. Band 5, electroeluted from unlabelled crude toxin electrophoresed in adjacent lanes, was lethal for mice whereas bands 1-4 and 6-9 were not. Band 5 and crude toxin (250 pg dry weight in 5 ml) contained lo5 cytotoxic units per 20 p1. Band 6, separated from band 5 by approximately 1 mm, contained lo3 cytotoxic units per 2 0~1 . Bands 1-4 and 7-9 were not cytotoxic. SDS-PAGE analysis of band 5 revealed four polypeptides (Fig. 1) . A polypeptide of M , 66000 stained most strongly in band 5 but was also present in bands 4 and 6 (Fig. I) , which indicated that it was not the toxin. Band 6 had no polypeptides corresponding with the other three polypeptides present in band 5; however, they may have been present in amounts too small to be detected by SDS-PAGE but sufficient to be cytotoxic. Preparative PAGE 2 Band 5 migrated 18-20 mm during preparative PAGE 1 after 4 h. A gel 3 mm thick was constructed, therefore, so that 50 mg crude toxin could be fractionated after the proteins had migrated 18-20 mm. Fractionation began after 3.5 h of electrophoresis. SDS-PAGE analysis of 17 of 20 consecutive fractions from this gel is depicted in Fig. 2 . The toxicities of these fractions are summarized in Table 1 . The distribution of cytotoxicity and mouse lethality indicated that maximum toxicity occurred in fraction 12, which contained two high M , polypeptides first detected by SDS-PAGE in fraction 11 ; they were also present in fractions 13-14 and barely visible in fractions 16-20. These polypeptides had apparent M, values of approximately 158 000 and 162000 and were the largest detected in these fractions. Their M , values were in the same order as that of the largest polypeptide in band 5 (153000) in the first preparative gel (Fig. 1) . Fractions 15-20 presumably contained this polypeptide in amounts too small to be detected by SDS-PAGE but sufficient to be cytotoxic and lethal. A mixture of fractions 1-20 contained a similar amount of cytotoxic units as fraction 12, indicating that an essential co-factor was not present in other fractions. The cytotoxicity recovered in fractions 1-20 represented 13% of that of the crude extract. Preparative PAGE, therefore, was either 13% efficient or caused a degree of denaturation.
The non-toxic fraction 2 and the toxic fractions 12 and 18 were selected for injection into six gnotobiotic piglets. Each pig was injected with 1 ml or 0.1 ml per kg body weight; the protein content could not be estimated because of interference by the Tris/glycine buffer. The piglet injected with 1 ml fraction 12 per kg became anorexic and listless and died after 24 h. At necropsy, oedema of the stomach and ureter was present, the liver was pale and blood was present in the peritoneal and pleural fluids. The nasal turbinates of the piglet injected with 0.1 ml fraction 12 per kg and the piglet injected with 1 ml fraction 18 per kg were reduced in weight by 70% at necropsy; there were signs of liver toxicity in both piglets. In contrast, no abnormalities were detected at necropsy in the piglet injected with 0.1 ml fraction 18 per kg nor in two piglets injected with 1 ml fraction 2 per kg. These results indicated that the high M , polypeptides asociated with cytotoxicity and mouse lethality were also associated with lesions in the pig.
DEAE-Sephadex chromatography of toxin fractionated by preparative PAGE 2
In a second preparative PAGE 2, 13% of the cytotoxic units were recovered from 75 mg crude toxin. Fractionation began after 4 h of electrophoresis and 99% of recovered cytotoxicity was found in four fractions (5-8), which contained the 158000 and 162000 M , polypeptides. The presence of these polypeptides in earlier fractions than in the first preparative PAGE 2 was attributed to fractionation after 4 h rather than 3.5 h. DEAE-Sephadex chromatography of pooled fractions 6 and 7 was monitored initially by absorption at 254 nm. Although peaks were barely detectable, column fractions 9, 13, 16,3 1 , 41, 50 and 62 were tested for mouse lethality; only fraction 50 was lethal. All column fractions were examined by the cytotoxin test because there was inadequate protein for the differentiation of protein peaks by absorption of UV light. Peak cytotoxicity eluted between 435 and 600 mMsodium chloride in fractions 47-60 (Fig. 3) .
Fractions 1-46,47-68 and 69-83 were combined to form three separate pools designated A, B and C respectively, concentrated to 1 1,8-7 and 8.3 ml respectively and analysed by SDS-PAGE (Fig. 4 a) . Pool B contained a single polypeptide with an M , of 155000 (mean figure derived from seven gels). This polypeptide was also detected at a dilution of lo-', which indicated that it was at least 90% pure based on the assumption that all polypeptides were stained with equal sensitivity .
Pools A, B and C contained approximately 7.5, 1 and less than 1 kg protein ml-I, respectively. Only pool B was cytotoxic (1 0" units per 20 pl). This represented an approximate recovery of 1.7% of the cytotoxicity of the crude extract and 13% of that applied to the ion-exchange column.
Two piglets weighing 3.2 kg were injected with 5 ml pool A or C and remained healthy; no abnormalities were detected at necropsy. A piglet weighing 3.2 kg and injected with 5 ml pool B (1.6 pg protein kg-I) became anorexic and listless for 2 d; this piglet recovered but 75% turbinate atrophy and signs of hydronephrosis were detected at necropsy 14 d after injection. A piglet weighing 2.8 kg injected with 1 ml pool B (360 ng kg-I) remained healthy but 50% turbinate atrophy and signs of liver toxicity were detected at necropsy 14d later. All of the histopat hological changes (degenerative, h y perplas t ic, obstruct ive, reactive and 0s teol ytic) previously seen in the turbinates, liver and urinary tract of piglets injected with the crude toxin were seen in the two piglets injected with pool B although they were less severe than in those injected with crude toxin.
SDS-PAGE of pool B after storage for 7 d at 4 "C revealed two barely detectable polypeptides of M, approximately 65000-70000; these were more easily detected after a further 4 weeks storage (Fig. 4b) , but were not present immediately after purification (Fig. 4a) . After 4 weeks storage pool B contained 10' cytotoxic units per 20 pl. Subsequent preparations of toxin were purified in the presence of the protease inhibitors benzamidine and PMSF and the low M, peptides were not detected after storage. The low yield of toxin prompted a search for modifications of the purification method. The two-step process was reversed so that toxin, equilibrated in 200mM-NaC1, could be concentrated from much larger amounts of nuclease-treated crude extract (containing azide and protease inhibitors) by anion-exchange chromatography on DEAE-Sephacel. The toxin was eluted with a gradient of 200 to 800 mM-sodium chloride. Cytotoxic fractions were pooled, concentrated to 5 ml and then separated on a 3 mm thick polyacrylamide gel run for 4 h. The gel was then fractionated and toxin electroeluted as with preparative PAGE 1. In this way 250 Fg protein was derived from 46 g wet weight of bacterial cells. This represented a recovery of 5.6% of toxicity and resulted in an increase in specific activity, based on estimations of protein and cytotoxicity, of 1970-fold that of the crude extract. The partially purified toxin contained 8% carbohydrate. SDS-PAGE gels of this partially purified toxin revealed at least ten different polypeptides in addition to the 155000 M , polypeptide when stained with silver. The distribution of these polypeptides in serial dilutions of the preparation analysed by SDS-PAGE suggested that the 155000 M , polypeptide constituted at least 90% of the protein. Repeated chromatography on DEAE-Sephacel, Sephacryl S200 or phenyl-Sepharose did not further separate these polypeptides. SDS-PAGE gels, loaded with twice the amount of partially purified toxin normally used in gels for silver staining, revealed only a single polypeptide of M , 155000 when stained with Coomassie brilliant blue (Fig. 5) . Incubation of toxin with trypsin at 37 "C for 5 h reduced the number of cytotoxic units by 102-103 per 20 p1. SDS-PAGE gels of toxin or toxin treated with trypsin revealed that all polypeptides present in partially purified toxin were sensitive to trypsin.
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DISCUSSION
The wide range of toxicity of crude extracts of toxigenic P. multocida to embryonic bovine lung cells, mice, guinea pigs and pigs (de Jong et al., 1980; Rutter & Luther, 1984; together with the presence of both cytotoxic and hyperplastic changes in pigs injected with crude toxin suggested that more than one toxin was present. This was supported when the ratio of neutralization titres for cytotoxicity or turbinate atrophy of pigs varied with different pig antisera . However, a partially purified preparation, which contained, in SDS-PAGE, a single species of polypeptide of M , 155000 and was lethal for mice, cytotoxic for embryonic bovine lung cells and caused turbinate atrophy in pigs, suggested that all these activities were attributable to the same toxin. Reversal of the two-step purification method gave a greater recovery and a product with a specific activity at least that described by Nakai et al. (1984) . The apparent M , of the toxin described here was 155000 and that of Nakai et al. (1984) was 160000. This small difference might be considered an acceptable variation in results between laboratories. Nakai et al. (1984) stained their preparation with Coomassie brilliant blue and when we used this stain the partially purified toxin appeared to contain only one polypeptide. However, the same preparation stained with silver revealed a further ten polypeptides, raising the possibility that the toxin might be one of the other nine. This conclusion is unlikely because toxicity was distributed between preparative PAGE 2 fractions in the same way as the 155000 M , polypeptide. All fractions in preparative PAGE 1 and 2 and ion-exchange chromatography that contained the 155000 M , polypeptide were cytotoxic and lethal for mice and, when tested, caused turbinate atrophy in pigs. Rutter (1983) reported that the lethal activity of the toxin for mice was resistant to trypsin treatment for 2 h at 37 "C but did not supplement the reaction mixture with calcium, an important co-factor for the enzyme. Van der Heijden et al. (1983) found the dermonecrotic activity of the toxin for guinea pigs to be trypsin sensitive but did not describe the conditions of proteolysis. The above discrepancy probably arose because toxicity tests of different sensitivities and precision were used as well as different conditions for trypsin treatment. The cytotoxic activity of the toxin described here was sensitive to trypsin treatment for 5 h.
Histopathologically, an interesting aspect of atrophic rhinitis caused by P. multocida is the presence of both cytolytic and hyperplastic changes in the turbinate bones. The purified toxin reproduced both types of change and it is of particular interest to understand how a single species of molecule can produce opposite effects in cells that are in close proximity to each other.
The toxin of P. multocida does not appear in significant quantities in the supernatant fraction of a static broth culture until the stationary phase of the growth cycle is established. The toxin can be readily detected, however, in sonicates of actively growing cells (Rutter & Luther, 1984) . This suggests that it is an intracellular substance and presumably is of some metabolic importance to the bacterium. Consequently, it would be of interest to understand whether nontoxigenic strains produce a nontoxic analogue which might be immunologically crossreactive or if they could be induced to produce toxin under appropriate conditions. This would be of great importance if control measures were based on tests for the presence of antitoxin in animals infected with toxigenic strains. It has been suggested that mammalian cells do not contain suicide receptors for bacterial toxins but rather that toxins utilize existing pathways of homeostatic chemical messengers (Middlebrook & Dorland, 1984) . A common structural characteristic of some toxins and hormones is that of two distinct subunits one of which binds to the cell surface and mediates entry of the other to the cytoplasm where it changes the cellular metabolism. In the case of diphtheria toxin there is a single polypeptide which, on limited proteolysis, either just before or after cell binding, is divided into two subunits. The appearance during storage of two additional polypeptides in preparations of the purified polypeptide of the toxin from P . multocida indicated that proteolysis occurred possibly by contaminating enzymes present in quantities too small to detect by SDS-PAGE. This conclusion was supported by the failure of the smaller polypeptides to appear after storage of the partially purified toxin in the presence of protease inhibitors. This observation may indicate that, like other toxins, there is an ultimate requirement for a two subunit structure of the osteolytic toxin for toxic activity. However, toxin purified without protease inhibitors and stored until the appearance of additional polypeptides was much less cytotoxic.
